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A B S T R A C T
This report deals with the preparation of a clean Ta(110) surface, investigated by means of scanning tunnel-
ing microscopy/spectroscopy as well as by low-energy electron diffraction and Auger electron spectroscopy.
The surface initially exhibits a surface reconstruction induced by oxygen contamination. This reconstruction
can be removed by annealing at high temperatures under ultrahigh vacuum conditions. The reconstruction-
free surface reveals a surface resonance at a bias voltage of about −500 mV. The stages of the transformation
are presented and discussed. In a next step, Fe islands were grown on top of Ta(110) and investigated
subsequently. An intermixing regime was identiﬁed for annealing temperatures of (550–590) K.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
1. Introduction
Within the past years, the observation of novel phenomena
related to ﬁnite size effects on surfaces, ultra-thin ﬁlms and nanopar-
ticles involving elementary superconductors (SCs) excite intense sci-
entiﬁc interest, e.g. the parity effect in SC [1] or the shell effect of SC
nanoparticles [2, 3]. Local probe techniques are indispensable tools
to investigate these effects on the atomic scale. Notably, scanning
tunneling microscopy/spectroscopy (STM/STS) has a great potential
to study such systems due to its lateral, energy, and spin resolu-
tion capabilities [4, 5]. Indeed, greatly improved understanding was
achieved in the underlying physics of topological defects in SC [6,
7], of the origination of unconventional superconductivity [8, 9] and
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of novel ﬁnite-size phenomena [10–13]. This enabled, for instance,
artiﬁcial control of low dimensional, proximity induced supercon-
ductivity [14] and exotic non-Abelian fermions [15].
The main goal of this report is the investigation of the properties
and phenomena arising from the interaction of a bulk elementary SC
and magnetic nanostructures grown on top. Ta was chosen since it is
one of the few elementary SCs with a transition temperature above
that of the liquid 4He phase. Furthermore, Ta can establish strong
spin-orbit coupling at its surface [16]. In a ﬁrst step, the aim was
preparing a clean Ta(110) surface. In a second step, sub-monolayer
coverages of Fe were grown on top and the resulting hybrid system
was studied by STM/STS.
Ta has a bcc structure, with a lattice constant of a = 330.1 pm.
The (110) surface exhibits a two-fold symmetric lattice with near-
est neighbor distances of 285.9 pm along [11¯1]- and [11¯1¯]-directions,
which comprise an angle a ≈ 70◦. Ta is known to be a very strong
getter material and exhibits high bulk solubility and diffusivity. Pre-
vious investigations revealed that the main contamination of Ta is
oxygen. The oxygen is dissolved in the bulk, but represents the main
source of contamination at Ta surfaces as well [17, 18]. The Ta-O
phase diagram describes only one stable oxide, namely Ta2O5, but
under thin ﬁlm conditions or due to the presence of other types of
impurities, there may be further metastable oxides [19].
http://dx.doi.org/10.1016/j.susc.2016.06.004
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2. Experimental setup
The experiments were performed in an ultrahigh vacuum system
with a base pressure in the low 10−11 mbar range. Auger electron
spectroscopy (AES) and low energy electron diffraction (LEED) were
carried out at room temperature while STM/STS investigations were
conducted either at room temperature or at 37 K. The samples
were prepared in-situ, initially by combined Ar+-ion sputtering and
Fig. 1. (a)–(d), (g): STM topographies of Ta(110) acquired at room temperature showing the surface at different levels of surface purity. (a) shows the Ta(110) surface in its initial
state. (b) exhibits an entirely reconstructed surface after a few cycles of annealing. (c) shows the varying relative orientation of the reconstructed domains and the atomic lattice
in clean areas. (d) shows the atomic lattice of the bare Ta(110) surface. The zoom-in in (d) shows the 2D-FFT of the surface and reveals pronounced spots caused by the atomic
lattice. (e) and (f) show line proﬁles of the two different lattices as indicated in (c). (g) is a representative topography of the best surface quality achieved. The zoom-in in (g) shows
the corresponding LEED pattern. (h): STS spectra measured at T = 37 K on the clean Ta(110) surface and on residual impurities as indicated in (g) using a bare W-tip. Scanning
parameters: (a): U = 500 mV, I = 0.5 nA; (b): U = 100 mV, I = 1 nA; (c): U = 50 mV, I = 5 nA; (d): U = 50 mV, I = 3 nA; (g): U = 100 mV, I = 1 nA; (h): Ustab = 1 V, I = 1 nA.
T. Eelbo, et al. / Surface Science 653 (2016) 113–117 115
subsequent annealing cycles, later on by heating using an electron-
beam heater only. The temperature was regularly checked during
electron bombardment using an optical pyrometer. During the
entire preparation procedure the oxygen partial pressure was con-
strained to the low 10−9 mbar range to reduce adsorption of oxygen
from the residual gas. To gain information about the local density of
states, electronic conductance spectra were acquired by means of a
lock-in technique using a modulation voltage Umod = 20 mV and a
frequency f = 3.333 kHz.
3. Results and discussion
3.1. Preparation of the Ta(110) surface
The fresh Ta crystal was initially sputtered for 1 h and subse-
quently annealed at about 1100 K for 10 min to remove residual
Ar and to improve the surface ﬂatness. In this early stage the STM
topography of Ta(110) reveals a surface with numerous irregularly
shaped step edges, compare Fig. 1 (a). In order to identify the main
source of contamination AES was performed. Additional peaks are
observed at 265 eV and 500 eV, which arise from carbon and oxy-
gen contamination, respectively. After a few cycles of annealing
with a total time period of 60 min at temperatures of about 2500 K,
the surface morphology is much more ﬂat exhibiting parallel step
edges and domains, that vary in their angular orientation, see Fig. 1
(b). The observed morphology of Fig. 1 (b) resembles characteristic
patterns, which have been assigned to an oxygen induced surface
reconstruction in case of Nb/NbO-type superstructures [20–22]. The
degree of contamination can be reduced if further annealing cycles
at 2500 K (total time period of 240 min) are executed, see Fig. 1
(c). This high-resolution STM image enables a more detailed anal-
ysis of the reconstruction. It forms quasi-ordered structures with
Fig. 2. Topographies of 0.35 ML Fe deposited on Ta(110) at room temperature with no annealing applied afterward, revealing the surface morphology on a large scale (a) and the
typical irregular shape of the Fe islands (b). (c) shows a large scale topography of 0.35 ML Fe/Ta(110) if the sample is subsequently annealed at T = 550 K for 5 min after deposition.
(d) and the corresponding zoom-in show the “network”, which is observed on the islands for this preparation. All measurements were performed at T = 37 K. (e) exhibits a line
proﬁle of the “network” as indicated in (d). (f): STS spectra measured by means of a W-tip on the substrate and an island as indicated in (d). Scanning parameters: (a), (b), and
(d): U = 100 mV, I = 0.1 nA; (c): U = 300 mV, I = 1 nA; (f): Ustab = 1 V, I = 1 nA.
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60◦ misaligned domains, consisting of dimer-type chains. Additional
annealing cycles not only drastically increase the terrace width, but
the surface also exhibits larger areas free of reconstructions. Inside
these areas another type of lattice is resolved. The line proﬁles indi-
cated in Fig. 1 (c) are shown in Fig. 1 (e), (f) and can be used to deduce
the lattice constants. The former lattice belonging to the reconstruc-
tion reveals a period of (414 ± 12) pm, while the lattice observed
after numerous annealing cycles reveals a period of (272 ± 10) pm.
After the surface quality has been improved further (effective heating
time of 25 h at 2500 K), almost the entire surface exhibits the second
type of lattice. According to 2D-fast Fourier transform (FFT) analy-
sis, shown in the inset in Fig. 1 (d), the surface exhibits a two-fold
symmetric lattice with a period of (285 ± 13) pm. This value corre-
sponds well to the line proﬁle and is in good agreement with the
nearest neighbor distance of bare Ta(110) [23]. Thus, the second lat-
tice is assigned to a clean Ta(110) surface. The angle a between both
nearest neighbor directions is estimated to about a ≈ 82◦. This devi-
ates by about 12◦ from the literature value and is probably caused
by thermal drift effects, since the STM data were acquired at room
temperature.
Finally, a surface almost free of contaminated areas (>95%) is
achieved after applying several subsequent annealing cycles with an
overall time period of about 30 h at 2500 K, shown in Fig. 1 (g). At this
stage, the LEED pattern, displayed in the inset, exhibits clear spots
arising from a bcc (110) surface. No additional side spots can be iden-
tiﬁed. The pattern can be used to cross-check the nearest neighbor
distance in comparison to the FFT results. Via LEED a value of (284 ±
17) pm is found. Further preparation did not substantially decrease
the density of the residual defect sites. In addition, all attempts of
preparing the surface in a way that the residual O contaminants
stick to each other, failed. Thus, they are rather randomly distributed
across the entire surface. The resulting Ta(110) surface maintains its
purity at a typical background pressure of p ≈ 10−10 mbar for a few
tens of hours, only. It is active and easily getters contamination from
the residual gas. Fig. 1 (h) represents STS spectra of the clean Ta(110)
surface. A peak at a bias voltage of about−500 mV is found. Note, that
this resonance is observed for contaminated areas as well, but with
reduced intensity. These observations are in good agreement with
results from angle-resolved photoemission experiments [24]. Based
on related Green’s function calculations, the surface resonance was
identiﬁed to originate from Ta’s pz and dyz orbitals [25].
3.2. Deposition of Fe on Ta(110)
Fe was chosen as a model case to study the growth of mag-
netic nanostructures on Ta(110) since it fulﬁlls the Stoner criterion.
A coverage of 0.35 monolayers of Fe was deposited at room tem-
perature. If no annealing is applied, the topography of the sample
exhibits two-dimensional growth, see Fig. 2 (a). Step-ﬂow grown
nanostructures as well as islands appear in an irregular and porous
fashion (Fig. 2 (b)). We suppose Fe clusters are pinned at randomly
distributed residual contaminants of the prepared Ta(110) substrate
(see details in Sec. 3.1) during the growth process being the reason
for the islands’ inhomogeneous shape. It appears as the islands grow
around the O contaminants which are still present on the Ta surface.
In order to increase the surface mobility of the Fe atoms, anneal-
ing can be applied during or after the Fe deposition. If the sample is
heated at T = 550 K for 5 min, the morphology already varies sig-
niﬁcantly, compare Fig. 2 (c). The thermal energy is suﬃcient so that
the Fe islands can coalesce and form larger islands. Although these
islands are still porous, their shape is more regular, visible in the
Fig. 2 (d). In addition, the topography reveals a periodic “network”
within the islands, compare the zoom-in in Fig. 2 (d). According to
the line proﬁle displayed in Fig. 2 (e), the “network” exhibits a period
Fig. 3. (a): STM topography measured at T = 37 K after room temperature deposition of 0.35 ML Fe on Ta(110) and subsequent annealing to T = 660 K for 5 min. (b) and (c) are
zoom-ins, which reveal a modiﬁed surface morphology. The indicated line proﬁle is presented in (d). (e): STS spectra measured by means of a W-tip as indicated in (b). Scanning
parameters: (a): U = 100 mV, I = 1 nA; (b):U = −50 mV, I = 0.5 nA; (d): Ustab = 1 V, I = 1 nA.
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of (800 ± 20) pm. Note, that this period is found only on the islands
and not on the substrate terraces. The STS spectra obtained on this
sample (Fig. 2 (f)) vary strongly from those obtained on bare Ta(110).
The surface resonance is shifted in energy toward−240 mV indicat-
ing a charge transfer between Fe and the Ta substrate. Furthermore,
the islands do not reveal any signiﬁcant spectroscopic feature within
the bias range investigated.
As a next step the Fe ﬁlm was annealed at ≈660 K to increase the
Fe atom’s mobility further and to ﬁnally form uniform and compact
islands. According to Fig. 3 (a), the islands appear densely packed and
show a regular shape for this type of preparation. Surprisingly, the
contrast levels on the islands and the substrate are almost the same
and similar stripe patterns are observed on both, islands and sub-
strate, displayed in Fig. 3 (b). Note, that the surface morphology does
not depend onwhether the heatingwas applied during or after the Fe
deposition. According to the zoom-in image of Fig. 3 (c) and the indi-
cated line proﬁle (Fig. 3 (d)) we ﬁnd a period of about (760 ± 20) pm
for this preparation on the islands and the substrate. In addition, the
STS spectra measured on the substrate and the islands are similar to
each other (Fig. 3 (e)). The Ta-related resonance cannot be detected
any more. These observations hint toward an alloying of Fe and Ta,
which has turned the topmost surface layers into a Fe–Ta compound
for this type of preparation.
4. Summary
The preparation of Ta(110) surfaces studied by means of STM
and STS is reported. Extreme solubility and diffusivity of oxygen are
the main reasons for the observed superstructures and complicate
the preparation of clean Ta(110) surfaces. After multiple anneal-
ing cycles at temperatures of about 2500 K under UHV conditions
(≈10−9 mbar), an oxygen depletion zone is formed near the surface.
The surface transforms into a predominantly bare Ta(110) surface,
almost free of traces of reconstructions (>95%). By means of STS,
a characteristic surface resonance of Ta is found at −500 mV in
agreement with earlier reports [24, 25].
The epitaxial growth of Fe ﬁlms with coverages below a mono-
layer reveals different properties of the Fe nanostructures depending
on the exact preparation conditions. If no annealing is applied con-
secutively after the deposition, the Fe islands are irregularly shaped.
By annealing at temperatures of about 550 K the shape of the islands
appears to be more compact. However, already at these tempera-
tures a “network” of lines appears within the islands. For annealing
temperatures above 660 K, themorphology of the sample varies even
stronger. On the one hand, the islands appear now densely packed,
on the other hand, the contrast levels are equal for the substrate and
the islands. By STS it is veriﬁed that the Ta surface resonance state is
no longer preserved, which is explained by an alloying effect at these
high annealing temperatures.
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